Abstract Persistent pressure overload can cause cardiac hypertrophy and progressive heart failure (HF). The authors developed a pressure-overload HF model of juvenile mice to study the cardiac response to pressure overload that may be applicable to clinical processes in children. Severe thoracic aortic banding (sTAB) was performed using a 28-gauge needle for 40 juvenile (age, 3 weeks) and 47 adult (age, 6 weeks) C57BL/6 male mice. To monitor the structural and functional changes, M-mode echocardiography was performed for conscious mice that had undergone sTAB and sham operation. Cardiac hypertrophy, dilation, and HF occurred in both juvenile and adult mice after sTAB. Compared with adults, juvenile HF is characterized by greater impairment of ventricular contractility and less hypertrophy. In addition, juvenile mice had significantly higher rates of survival than adult mice during the early postoperative weeks. Consistent with clinical HF seen in children, juvenile banded mice demonstrated a lower growth rate than either adult banded mice or juvenile control mice that had sham operations. The authors first developed a juvenile murine model of pressure-overload HF. Learning the unique characteristics of pressure-overload HF in juveniles should aid in understanding age-specific pathologic changes for HF development in children.
newborn and even fetal mice [2, 24] . Several studies have demonstrated the feasibility of echocardiography for mice exposed to a diversity of hemodynamic and genetic alterations [3, 5, 15, 17] .
Using murine echocardiography, Tanaka et al. [27] detected increased left ventricular fractional shortening (FS) in mice with dobutamine treatment, increased end-diastolic dimensions in mice with volume overload (arteriovenous fistula), and increased wall thickness in mice with pressure overload (aortic banding). They also demonstrated excellent reproducible inter-and intra-rater variability with M-mode analysis. Murine echocardiography enables proper assessment of the cardiac structural and functional changes that occur in mice in response to a variety of pathologic stressors, including those resulting in cardiac hypertrophy and failure.
This study investigated the structural and functional cardiac responses to aortic banding in juvenile mice to better understand the pathophysiologic processes that occur in the development of hypertrophy and HF due to pressure overload. We hypothesized that inherent characteristics of juvenile murine myocardium lead to a distinct response in cardiac structure and function compared with that of adult mice exposed to pressure overload.
Methods

Animal Selection
For this study, 126 C57BL/6 male mice were randomly divided into five experimental groups. The first group consisted of 3-week-old mice that did not undergo intervention. These mice were serially evaluated to determine normal growth and development (body and heart). The remaining mice were stratified into juvenile and adult groups that underwent severe thoracic aortic banding (sTAB) at 3 and 6 weeks of age, respectively. Small matching sham groups for each age category also were created (Fig. 1) .
sTAB Procedure
The mice were anesthetized with ketamine (100 mg/kg, administered intraperitoneally [IP]) plus xylazine (5 mg/kg, IP). Adequate sedation was determined by a lack of toe-pinch reflex [28] .
A 3-mm left-sided thoracotomy was created at the second intercostal space, and the transverse aortic arch was ligated (7-0 Prolene) between the innominate and left common carotid arteries with an overlying 28-gauge needle. The needle then was removed, leaving a discrete region of stenosis. Successful banding was confirmed with visual confirmation of differential carotid pulsatility.
The chest was closed, and the left-sided pneumothorax was evacuated by a syringe. During this surgical procedure, the chest was closed in 1-2 min. No intubation or mechanical ventilation was required. The procedure resulted in an estimated reduction in the aortic arch diameter from *1.7 to 0.36 mm in 6-week-old mice and from 1.4 to 0.36 mm in 3-week-old mice, as measured by echocardiography. The control mice for each group underwent sham operations at equivalent time points with the same process of anesthesia and chest opening but no aortic banding.
About 10% of the mice died of oversedation or bleeding before aortic banding. The first 24-h mortality rate was 15.4% for juvenile mice and 14.6% for adult banded mice. No death occurred among the juvenile or adult mice that underwent the sham operation.
Echocardiography
The VisualSonics Vevo 770 ultrasound system with a 30-MHz mechanical probe was used to obtain two-dimensional images and M-mode tracings in conscious mice before surgical intervention, then each week (±2 days) after surgery for six consecutive weeks. If mouse heart rates were beyond the 500-to 800-bpm range, the mice were allowed to rest and recover before they were reimaged again at a later time point.
From the parasternal short-axis position, M-mode tracings of the left ventricle (LV) were obtained at the level of the papillary muscles. Wall thicknesses and cavitary dimensions at both end-systole and end-diastole were measured by offline analysis (Fig. 2 ). An increase in LV wall thickness was used as a marker of LV hypertrophy. Ejection fraction (EF), FS, and LV mass (LVM) were ). Two-dimensional images from the parasternal long axis also were recorded for measurement of the aortic valve annulus and ascending aorta outer diameter at end-systole to evaluate the degree of aortic constriction after banding with a 28-gauge (*0.36 mm) needle (Fig. 2) .
Morphometric Analysis
One to three representative mice were selected to be sacrificed at each postoperative week from the control, juvenile banded, and adult banded mice. One to two mice from the juvenile and adult groups that had the sham operation (sham mice) were selected to be sacrificed every other week. The mice were sacrificed with IP pentobarbital. Lungs, liver, and heart were removed to obtain weights.
Heart weight included both atria and ventricles. The weight of the LV included the weight of the myocardium after removal of the atria and the right ventricular free wall. Increased heart weight/body weight ratios and increased lung weight/body weight ratios were used as markers of cardiac hypertrophy and HF, respectively.
Statistical Analysis
The Mann-Whitney U test was used to compare two groups with respect to a continuous end point, such as LVIDd. A longitudinal model using generalized estimated equations was performed to adjust for within-group correlation while comparing the means over all time points. Kaplan-Meier analysis was implemented to analyze survival. The mean coefficient of variance was used to calculate intraobserver variability. All P values less than 0.05 were considered statistically significant.
Use of Vertebrate Animals
All experiments using live vertebrates were performed in accordance with protocols approved by Emory's Institutional Animal Care and Use Committee. 
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Results
In the initial validity study, the mean HR (672 ± 49 bpm), LVAWd (0.9 ± 0.1), LVIDd (3.1 ± 0.2 mm) and FS (0.55 ± 0.05) values were similar to those reported previously for conscious C57BL/6 adult mice [21, 26] . The intraobserver variability for this early validation study was 7.9% for LVIDd, 11.9% for total wall thickness (TWTd = LVAWd ? LVPWd), and, 7.9% for FS.
The normal growth and development data for the control C57BL/6 mice in terms of echocardiography and morphometry are summarized in Table 1 . The ventricular function remained constant, whereas heart size and body weight experienced normal growth.
After sTAB surgery, a minimum 5 days of recovery were required for imaging of conscious mice without causing opening of chest wounds. Thus, banded mice were imaged starting on postoperative days 6 to 8. However, aortic arch flow velocities in anesthetized mice were measured immediately before and after sTAB.
The sTAB procedure induced an increase in blood flow velocity in the ascending aorta before the restriction site of 22.3 ± 2.8% for the adult mice (n = 10) and 26.9 ± 7.9% for the juvenile mice (n = 10; P [ 0.05). These results suggest that sTAB caused a similar hemodynamic change by pressure load to the heart in the adult and juvenile mice. In contrast, changes in blood flow velocities across the restriction site were 62.4 ± 8.2% for the adult mice and 42.3 ± 5.1% for the juvenile mice (P \0.05), indicating a relatively smaller blood flow restriction for the juvenile mice (a smaller effect on descending aorta flow).
Compared with the developmental changes seen in the control juvenile mice, the sTAB mice manifested dramatic ventricular dilation, mild hypertrophy, and severe ventricular dysfunction from postoperative week (POW) 1, continuing through POW 6 (Tables 2, 3 ). Representative M-mode images illustrating ventricular dilation and dysfunction that occurred in the juvenile banded mice are shown in Fig. 2 . In addition, the juvenile mice showed significant deficiencies in growth rates after aortic banding (Tables 2, 3 ). Heart weight/body weight and lung/body weight ratios (mg/g) dramatically increased in the banded mice compared with the control and sham mice in both the juveniles and the adults, similar to the findings in the previous investigations [17] (Fig. 3) . These changes are reflective of the hypertrophic response in the LV to the AoV (mm) 0.9 ± 0.1 Values are reported as mean ± standard deviation. Note: n for BW is equivalent to n reported in a, whereas the remainder of the morphometric data corresponds to n noted in each column HR heart rate, TWT total wall thickness, LVID left ventricular internal dimension, FS fractional shortening, LVM left ventricular mass, AoV aortic valve annulus, BW body weight, LV left ventricle, HW heart weight, s systolic, d diastolic, n sample size increase in afterload with aortic banding and the accumulation of pulmonary edema as HF develops. For parameters affected by normal growth, including wall thickness, cavity size, and body weight, Z-score analysis was used. The Z-scores were calculated based on age-matched data from the control group. Longitudinal models found no significant difference in the degree of ventricular dilation between the adult and juvenile banded mice. Interestingly, compared with the adults, the juvenile banded mice manifested less LV wall thickening, with a reduction in TWTd Z-score by 1.59 (z statistic, -4.65; P \ 0.0001). As anticipated, ventricular function was equivalent at baseline between the juveniles and adults. However, left ventricular FS was decreased in both the juvenile and adult mice after banding, with a more significant reduction in the juveniles at POWs 2 and 3 (P \ 0.01, Fig. 4) . The body weight Z-scores for the adults were greater than for the juveniles at POW 2 (-0.73 vs. -2.49; P = 0.006) and at POW 3 (-1.00 vs. -2.51; P = 0.031). In addition, the juvenile mice had a higher survival rate after aortic banding in the first three postoperative weeks, but the overall survival rate did not reach statistical significance after Kaplan-Meier survival analysis (P = 0.14; Fig. 5 ).
Discussion
Recent progress in basic and translational research has greatly advanced our understanding of ventricular hypertrophy development and the transition to HF in adults.
However, the same is not true for children, for whom health care providers often must extrapolate from adult studies to determine treatment strategies.
The mouse, whose genome shares a surprising amount of similarity with that of humans, serves as an ideal model for studying the development of organ function [19] . This study aimed to expand our understanding of the normal developmental myocardial changes in a commonly used mouse strain (C57BL/6) and to establish the unique response to pressure overload in juvenile murine hearts, thereby establishing an experimental database for a murine pressure-overload HF model. Tiemann et al. [29] provided useful developmental data for sedated C57BL/6 mice over a 580-day period in terms of blood pressure levels as well as electrocardiographic, echocardiographic, and morphometric parameters. In the current study, our observations of the developmental changes are focused on a 6-week period, with more frequent interval evaluation and a wider breadth of echocardiographic parameters. This carefully selected time scale likely reflects the developmental period from juvenile to adult.
More importantly, all our measurements were conducted with conscious C57BL/6 mice. Echocardiography with conscious mice removes the known confounding effect of anesthesia on body temperature, heart rate, and cardiac function [22, 31] . This first established data set on conscious mice for the developmental period from juvenile to adult may serve as a useful reference for future studies of murine cardiac development and may have potential implications for the translational application to the pediatric population. Transverse aortic banding with a 28-gauge needle causes a significant increase in afterload to the LV. The literature, primarily for adult models, consistently demonstrated that pressure overload results in ventricular wall thickening. From a physiologic standpoint, wall thickening can serve as a compensatory response to pressure overload via the attenuation of wall stress [10] . However, debate remains regarding this historical dogma of hypertrophy being a compensatory mechanism. In addition, hypertrophy can result from a variety of mechanisms and myocardial insults, many of which are not fully understood. The Framingham Heart Study, an epidemiologic study with adults, has shown that the presence of LV hypertrophy alone significantly increases the patient's risk for ventricular arrhythmias, HF, and sudden cardiac death [11, 14, 16] .
In an elegant study by Esposito et al. [7] , two distinct transgenic murine models (TgGqI and Dbh -/-) designed to attenuate the hypertrophic response to pressure overload were shown to have preserved LV function and structure after aortic banding, whereas wild type mice experienced ventricular dilation and ventricular dysfunction. This finding occurred despite measurement of a twofold increase in wall stress in the transgenic models, whereas the wall stress had normalized in the hypertrophied wild type mice, suggesting that hypertrophy with normalization of wall stress does not necessarily prevent dilation or preserve cardiac function [7] .
Interestingly, in our study, juvenile mice experienced a limited hypertrophic response compared with the adult group, whereas cavitary size and ventricular function were 
LVIDd (mm) 2.7 ± 0.1 2.9 ± 0.2 3.1 ± 0.5 3.5 ± 0.1 3.6 ± 0.3 3.5 ± 0.1 3.7 ± 0.1 Data are shown as mean ± standard deviation. Data not analyzed for adult mice after POW 3 POW postoperative week, TWT total wall thickness, LVID left ventricular internal dimension, FS fractional shortening, BW body weight, d diastolic, n sample size not preserved. The differential response in wall thickening and ventricular function seen in our study despite a similar degree of aortic constriction (74% for adult vs. 79% for juvenile mice), combined with the observations from the Esposito study, indicate that cardiac hypertrophy does not consistently produce or protect ventricular dilation and dysfunction. These observations strongly suggest a yet undiscovered divergent response to pressure overload on the molecular level that warrants further investigation. To our knowledge, this is the first report to describe the successful aortic banding of mice as young as 3 weeks to investigate the myocardial effects of pressure overload. Despite their small size, less than half the weight of their adult counterparts, the juvenile mice tolerated the surgical procedure very well with low mortality (*83% survival overall at POW 1). With adjustments in handling due to their small size and an inclination for the development of bradycardia, excellent two-dimensional images with clear M-mode tracings were attainable with these juvenile mice.
FS (%)
Despite no significant difference in overall survival according to Kaplan-Meier analysis, the juvenile mice yielded significantly higher rates of survival than the adult mice for the first 3 postoperative weeks. This divergent time course in survival may be critical in the timing for HF treatment, suggesting that earlier intervention for juveniles may be indicated.
Previous studies with adult mice consistently demonstrated that transverse aortic banding causes wall thickening, dilation, and ventricular dysfunction [17, 18] . Our results exhibited similar responses to increased afterload in both juvenile and adult mice. However, after correction for normal growth and development (via the use of Z-scores), the juvenile myocardial profile of pressure overload consisted of ventricular dilation and a limited degree of ventricular wall thickening. The blunted wall thickening leads to an increase in wall stress with exposure to elevated afterload. Augmented wall stress causes the ventricle to dilate and leads to ventricular dysfunction. A more robust hypertrophic response in the adults seemed to limit the progressive decline in ventricular function that the juvenile mice experienced, suggesting a protective role of the hypertrophic response during the time course of this study. Consistent with the classic constellation of signs seen in children with HF, the banded juvenile mice experienced a significant decrease in their growth rates compared with the control, sham, and adult groups. This effect is likely related in some degree to metabolic demands exceeding energy supply in the setting of HF but also may reflect alterations in molecular signaling involved in growth and development. Paralleling alterations seen in human HF adds further implication to the translational utility of this juvenile murine model in terms of therapeutic interventions and molecular investigations.
Study Limitations
By excluding bradycardic mice with heart rates lower than 500, we may have omitted the sickest mice with HF because HF mice were less tolerant of being held for imaging. As a consequence, we are likely underestimating the extent of dilation and ventricular dysfunction of banded juvenile mice because more juvenile mice met exclusion heart rate criteria than adult mice, consistent with their higher rate of severe HF development overall. This seems to strengthen the differential response to aortic constriction. That is, the differences likely would have been greater if the sickest mice had not been excluded.
Although both groups had severe afterload imposed on the LV with aortic banding, the degree of constriction may not have been equivalent because the aortas were larger in the adult mice than in the juvenile mice. However, after making echocardiographic measurements of the ascending aorta from the parasternal long-axis view, we demonstrated that the degrees of constriction were 79% for adults and 74% for juveniles, which are very similar. In line with this, sTAB induced an increase in blood flow velocity in the ascending aorta before the restriction site similarly in adult and juvenile mice, indicating a similar hemodynamic change by pressure load to the hearts of the adult and juvenile mice. However, given potential maturational differences in ventricular compliance, this may result in different LV wall stress between juveniles and adults.
Perspective
This study established the first data set on the cardiac structural and functional development of conscious mice extending from the juvenile period into adulthood. In addition, we successfully generated a pressure-overload HF model in the juvenile mouse. This study showed distinct myocardial alterations in juvenile mice after pressure overload, which likely reflects inherent differences in the developing myocardium. Juvenile HF from pressure overload was characterized by ventricular dilation, attenuated wall thickening, and progressive ventricular dysfunction.
These findings hopefully will spur further investigation, leading to a better understanding of pressure-overload physiology. This knowledge may then be clinically applied to improve treatment strategies for children with a variety of related congenital and acquired disorders involving cardiac hypertrophy, dilation, and ventricular dysfunction.
